Catalytic asymmetric reactions that can be performed in water are of current interest, because water is a desirable solvent with respect to environmental concerns, safety, and cost. 1 However, the use of water as reaction solvent is not always practical for asymmetric catalytic reactions because water often inhibits the catalyst's activity or alters enantioselectivity by interrupting ionic interactions and hydrogen bonds critical for stabilizing the transition states of the reactions. 1 Thus, special design is required for performing asymmetric reactions in water. Here we report efficient enamine-based organocatalytic direct asymmetric aldol reactions in water without any organic cosolvent. Reactions afforded the desired products in high yields with high enantioselectivities using an amine-acid bifunctional catalyst.
8a with trifluoroacetic acid (TFA) 7 efficiently catalyzed the reaction in DMSO but not in water (entries 8 and 9) .
The best result with respect to yield, diastereoselectivity, and enantioselectivity was observed with catalyst 8b 8 and TFA additive (entry 15). In water without any additive, the reaction with 8b gave 3a in good yield with high diastereoselectivity but with almost no enantioselectivity (entry 10). Addition of TFA to the reaction with 8b significantly improved the enantioselectivity to 94% ee for anti3a (entry 15). 9 Addition of a Lewis acid, such as scandium trifluoromethanesulfonate, to the reaction catalyzed by 8b afforded the product 3a with 93% ee (entry 13). Strong acids provided higher enantioselectivities than a weak acid (entries 12-15 vs 11). The results of the 8b/TFA-catalyzed reaction in water vs DMSO were similar; the reaction in water afforded slightly higher diastereoand enantioselectivities than that in DMSO (entry 14 vs 15). The diastereoselectivity of the 8b/TFA-catalyzed reaction was higher than that of the L-proline-catalyzed reaction (entry 1 vs 15). 2a,4e In † Shizuoka University. ‡ The Scripps Research Institute. addition, the amount of donor cyclohexanone could be decreased to 1 equiv relative to the acceptor aldehyde without compromising the results (entry 16). This is a significant improvement over the conventional aldol reaction in organic solvents, in which a considerable excess of donor (20 vol %, 19 equiv) was used. [2] [3] [4] Furthermore, crude aldol products were easily isolated by removal of water using centrifugal separation.
These results indicate that neither an acid functionality on the pyrrolidine derivatives nor an acid additive are required for catalysis of the aldol reaction in water. When catalyst or catalyst additive included an acid but not a hydrophobic alkyl chain, the reaction did not proceed in water. This may be because both catalyst and additive are soluble, whereas reactants are less miscible in water. In a biphasic system, interactions required for reaction do not occur. In the case of the reaction using 8b/TFA, the catalyst additive assembles with the reactants through hydrophobic interactions, excluding water molecules from the organic phase. 10 In this concentrated organic phase the reaction occurs efficiently to afford 3a with high enantioselectivity, presumably facilitated by hydrogen bonds between the enamine-8b/TFA ammonium salt and the acceptor in the transition state. In fact, the reaction mixture containing 1a, 2a, and 8b/TFA was not biphasic but was an emulsion (see Supporting Information). Note that L-proline-or 8a-catalyzed aldol reactions in aqueous micelles using surfactants, such as sodium dodecyl sulfate (SDS), only gave racemic products. 4a,c The major product 3a generated from the 8b/TFA-catalyzed reaction had (2S,1′R) 2a absolute stereochemistry. Therefore, the enamine intermediate of the 8b/acid-catalyzed reaction favored a re-facial attack on the arylaldehyde. This reaction mode is in accord with that of diamine 8a/acid-catalyzed and L-proline-catalyzed aldol reactions in DMSO. 2a,7,11 The scope of this class of aldol reactions using diamine 8b/TFA catalyst in water was examined with a series of arylaldehyde acceptors (Table 2 ) and ketone and aldehyde donors (Table 3) . In most cases, reactions afforded anti-aldol products in high yields with excellent enantioselectivities (Table 2) . Reactions with water miscible ketones yielded the products in moderate yield even when 0.3 equiv of catalyst was used (Table 3 , entries 3 and 4), while quantitative yield was observed in the reaction with less miscible 2-octanone (entry 5). The reaction of isobutyraldehyde yielded R,Rdialkyl aldol product 3o, with no formation of self-aldol product, and with similar high enantioselectivity compared with the reaction in DMSO (entry 6).
In summary, we have developed a catalytic direct asymmetric aldol reaction that can be performed in water without addition of organic solvents. The diamine 8b/TFA bifunctional catalyst system demonstrated excellent reactivity, diastereoselectivity, and enantioselectivity in water. Further studies focusing on the full scope of this catalyst-aqueous media system and related systems are currently under investigation and will be reported in due course.
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Supporting Information Available:
Experimental procedures and HPLC data and a photograph of the reaction mixture. This material is available free of charge via the Internet at http://pubs.acs.org. 1 H NMR and 13 C NMR spectra were recorded on JEOL JNM-AL spectrometer at ambient temperature. Chemical shifts are given in δ relative to tetramethylsilane (TMS), the coupling constants J are given in Hz. The spectra were recorded in CDCl 3 as solvent at ambient temperature, TMS served as internal standard (δ = 0 ppm) for 1 H NMR and CDCl 3 was used as internal standard (δ = 77.0) for 13 C NMR. Infrared spectra were recorded on a SHIMADZU FTIR-8200A spectrometer. Mass spectra were recorded on a SHIMADZU GCMS-QP5050 spectrometer. HPLC was carried out using a SHIMADZU LC-10AD intelligent pump, SPD-10A UV detector, and C-R8A integrator. Microanalyses were performed with a Thermo Finnigan FlashEA 1112. All aldol reactions were carried out under an atmosphere of air in a closed system. , and (S)-1-(2-pyrrolidinylmethyl)pyrrolidine (8a, 51207-66-0) were all commercially available and were used without any purification. Catalysts 6a, 1 6b, 7, 2 and 8b 3 were prepared by the methods previously described. 4 Aldol adducts 3 are all known compounds except 3n.
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Typical procedure for the aldol reaction using the diamine/acid bifunctional catalyst in water: The following procedure for the reaction of cyclohexanone (1a) with p-nitrobenzaldehyde (2a) in water using the diamine 8b/TFA bifunctional catalyst is representative. To a mixture of diamine 8a (19.0 mg, 0.05 mmol) in water (1.0 mL) trifluoroacetic acid (3.9 µ L, 0.05 mmol) was added at 25 °C under air in a closed system. The reaction mixture was stirred for 3 min, then cyclohexanone (1a, 104 µ L, 1.0 mmol) and p-nitrobenzaldehyde (2a, 75.6 mg, 0.5 mmol) were added. The reaction mixture was stirred for 24 h. The reaction mixture was emulsion and the solid aldol product gradually formed from the emulsion mixture as shown in Figure 1 . Water was removed by centrifugal separation. If extraction was needed, water phase was extracted with ethyl acetate (3 x 1 mL), and organic extracts were dried over Na 2 SO 4 . Diastereoselectivity and conversion were determined by 1 H NMR analysis of the crude aldol product after short column chromatography purification (SiO 2 , 1 g) to remove the catalyst. Purification by flash column chromatography (silica gel, hexane/AcOEt) gave the aldol product 3a as a colorless solid. The enantiomeric excess (ee) of 3a was determined by chiral-phase HPLC analysis. The absolute configuration of aldol products 3 was extrapolated by comparison of the HPLC-data with those of 3a, 3j, 3l, and 3o whose absolute configuration is known. Hexane and 2-propanol were used as an eluent.
S4
1-Hydroxy-1-(4-nitrophenyl)nonan-3-one (3n): R f = 0.38 (hexane:AcOEt = 70:30); 1 H NMR (CDCl 3 , 300 MHz) δ = 0.88 (t, J = 6.6 Hz, 3H, -CH 3 ), 1.14-1.37 (m, 6H, 3x-CH 2 -), 1. 
